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ABSTRACT

Aims. We present a detailed study of X-ray absorption in the local interstellar medium by analyzing the X-ray spectra of 24 galac-
tic sources obtained with the Chandra High Energy Transmission Grating Spectrometer and the XMM-Newton Reflection Grating

Spectrometer.

Methods. By modeling the continuum with a simple broken power-law and by implementing the new ISMabs X-ray absorption
model, we have estimated the total H, O, Ne, and Fe column densities towards the observed sources.

Results. We have determined the absorbing material distribution as a function of source distance and galactic latitude—longitude.
Conclusions. Direct estimates of the fractions of neutrally, singly, and doubly ionized species of O, Ne, and Fe reveal the dominance
of the cold component, thus indicating an overall low degree of ionization. Our results are expected to be sensitive to the model used

to describe the continuum in all sources.

Key words. ISM: general — ISM: atoms — ISM: abundances — ISM: structure — X-rays: ISM

1. Introduction

The interstellar medium (ISM) is one of the most important
galactic components. Regarding its chemical composition, it can
be enriched with heavy elements by gas accretion from other
galaxies, supernova explosions, and stellar winds (Pinto et al.
2013). The analysis of such a dynamic environment is crucial to
understand stellar formation and evolutionary processes, which
may be performed by means of high-resolution X-ray spec-
troscopy. Due to their high penetrating power, X-ray photons in-
teract not only with the ISM atomic ions exciting inner-shell lev-
els but also with molecules and solid compounds, thus providing
the opportunity to study physical properties such as column den-
sities, ionization fractions, and abundances of astrophysically
relevant elements in both the gas and grains (Gatuzz et al. 2015).

Multiple ISM analyses using low-mass X-ray bina-
ries (LMXB) have been carried out in the last decade reporting
the presence of a multi-phase ISM structure, which includes a
cold gas with low-ionization degree and a hot ionized gas (e.g.
Schulz et al. 2002; Takei et al. 2002; Juett et al. 2004; Yao et al.
2009; Liao et al. 2013; Pinto et al. 2013); however, the identifica-
tion of the highly ionized species is less straightforward than the
lowly ionized ones. For example, Gatuzz et al. (2014) performed
a study of eight LMXB using high-resolution Chandra spec-
tra, detecting only a Ka absorption feature (22.024 + 0.003 A)
from highly ionized O VI toward XTE J1817-330. This line was
previously identified by Gatuzz et al. (2013a,b) as being intrin-
sic to the source rather than originating in the local ISM, who
concluded that the cold phase is dominant without any further
identification of an associated hot gas component. In support
of this view, Luo & Fang (2014) have found that most of the
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absorption lines from highly ionized metals detected in the spec-
tra toward 12 LMXB arise in the hot gas intrinsic to the sources,
the ISM only making a small contribution. In a recent study
Nicastro (2014) conclude that the absorption line at ~22.275 A
is ubiquitously detected in the spectra of both galactic and extra-
galactic sources. It leads to the identification of O KB from
the local ISM thus contradicting its previous identification as
an OVI Ka absorption feature of the warm-hot intergalactic
medium (WHIM) along the lines of sight toward H 2356-309
(Buote et al. 2009; Fang et al. 2010) and Mkn 501 (Ren et al.
2014).

Gatuzz et al. (2013a,b) performed a detailed evaluation of the
oxygen absorption region using Chandra high-resolution spec-
tra from the bright binary XTE J1817-330, observing a complex
structure around the K edge that included the presence of Ka,
KB, and Ky absorption lines from O1and O 1T and Ka from O 111,
O V1, and O VII. Gatuzz et al. (2014) fitted the O K edge in the
Chandra spectra of eight LMXB with the warmabs photoioniza-
tion model to determine the ISM ionization degree. In this same
work, the O photoabsorption cross-section computed by Garcia
et al. (2005) was compared with the most recent calculation by
Gorczyca et al. (2013), finding no substantial differences in the
modeling of the K-shell region; it is worth emphasising the re-
markable accuracy of the oxygen atomic data that was thereby
established. It was therefore concluded in this work the domi-
nance of a neutral gas in all the observed lines of sight, with
ionic fractions O /O I and O 111/O 1 lower than 0.1.

In addition to oxygen, a benchmark of the neon atomic
data was also pursued by Gatuzz et al. (2015). Using the high
signal-to-noise spectra of Cygnus X-2 and XTE J1817-330, the
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Fig. 1. Location map of the X-ray binaries of the present sample. The left panel shows the sources plotted on a full-sky map in galactic coordinates

relative to the galactic center. Red points: Chandra sources. Blue points:

binaries in our sample projected in the galactic plane.

positions of the KB absorption line in NeTI and Kea, KB, and Ky
in Ne 1T and Ne I1I were determined. The Ne I cross-section com-
puted by Gorczyca & McLaughlin (2000) and those for NeII
and NeII by Juett et al. (2006) were adjusted by shifting the
wavelength scale in order to fit the astronomical spectra. With
the improved cross sections a new X-ray absorption model, re-
ferred to as ISMabs, was developed and made publicly available
(Gatuzz et al. 2015). Its advantage lies in the compilation of a
database of photoabsorption cross sections for neutrally, singly,
and doubly ionized species for all the cosmic abundant elements,
namely H, He, C, N, O, Ne, Mg, Si, S, Ar, Ca, and Fe. Although
the neutral component is dominant in the ISM, it is found that
the inclusion of singly and doubly ionized species leads to more
realistic models of the O and Ne K edges; furthermore, the use
of a physical model prevents misidentification of absorption fea-
tures which often occurs in the traditional fitting methods with
Gaussian profiles.

ISM X-ray absorption affects all the X-ray observations and
is particularly evident in high-resolution grating spectra. Even
though a careful modeling of the ISM has been previously at-
tempted, its chemical composition and spatial distribution are
still under debate (e.g. identification of a galactic highly ion-
ized gas and the existence of a homogeneous distribution at large
scales). Moreover, an imprecise ISM modeling can lead to erro-
neous conclusions when analyzing other environments such as
the galactic halo or the WHIM. In this respect, a comprehensive
analysis of the ISM through multiple lines of sight and using
a realistic absorption model such as ISMabs would be invalu-
able to address these issues; consequently, we present an exten-
sive analysis of the ISM using XMM-Newton and Chandra high-
resolution X-ray spectra.

The outline of this report is as follows. In Sect. 2 the data
reduction process is summarised and in Sect. 3 the data fitting
procedure is described. A thorough discussion of the results is
given in Sect. 4, and finally, we draw in Sect. 5 the conclusions
of this work.

2. Observations and data reduction

In order to carry out the present ISM study we have gathered a
sample of X-ray binary spectra from the XMM-Newton Science
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XMM-Newton sources. The right panel shows a location map of the X-ray

Archive (XSA') and the Chandra Source Catalog (CSC?). A
total of 24 bright sources have been analyzed, 15 from the
XSA and 17 from the CSC, some of which have been observed
with both telescopes; details of the observations are reviewed
in Appendix A. As shown in Fig. 1, the source locations allow
an analysis of the ISM along different lines of sight, and it also
depicts the source position projected in the galactic plane. The
XMM-Newton spectra were reduced with the standard Scientific
Analysis System (SAS) threads® and the Chandra spectra with
the standard CIAO threads*. We have estimated the zero-order
position for Chandra spectra with the findzo algorithm’. All
spectra were rebinned to 25 counts per channel in order to use y?
statistics. The spectral fitting was performed with the ISIS data
analysis package (Houck & Denicola 2000, version 1.6.2-30°).

3. Spectral fitting procedure

In order to estimate the O, Ne, and Fe column densities we
have carried out a broadband fit (11-24 A) for each source
listed in Appendix A using a simple ISMabs*Bknpower model.
The Bknpower component corresponds to a broken power-law
that in general provides a better fit to the continuum than a
single unbroken power-law. In the case of Sco X-1, we anal-
ysed the spectra in the 15-24 A region due to the absence of
data below this wavelength range. The ISMabs model (Gatuzz
et al. 2015) includes photoabsorption cross sections for neutrally,
singly, and doubly ionized species, and the Fe photoabsorption
cross-section is taken from metallic iron laboratory measure-
ments (Kortright & Kim 2000). For each source all observations
were fitted simultaneously (i.e. using the same absorption pa-
rameters and varying the normalisation for each observation); in
the case of Chandra, we considered observations with timed ex-
posure (TE) readout mode and continuous clocking (CC) readout
mode separately. The free parameters for the ISMabs fits were
the H, O, Ne, and Fe column densities, including the O 11, O 111,
Ne1l, and Ne III ions.

! http://xmm.esac.esa.int/xsa/

2 http://cxc.harvard.edu/csc/

3 http://xmm.esac.esa.int/sas/current/documentation/
threads/

4 http://cxc.harvard.edu/ciao/threads/gspec.html

5 http://space.mit.edu/cxc/analysis/findzo/

% http://space.mit.edu/asc/isis/
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Fig. 2. ISMabs column densities for Chandra observations as a function of the number of counts. Black points correspond to Chandra TE-mode

spectra and blue points to Chandra CC-mode spectra.

Table 1. ISMabs column density values.

Source ISMabs
N(H) NI N(OII) N(O III) N(NeI) N(Ne II) N(Ne III) N(Fe)

4U 0614+091 9.3+£0.7 179+23 <0.57 - 4.6+0.7 0.25+0.17 <0.02 0.49 +0.11
4U 0918-54 <1.5 177+ 1.7 <0.01 <0.2 23+1.3 1.09 + 1.04 <0.01 0.72 +0.19
4U 1254-69 22+0.2 146+08 028+0.24 0.34+0.16 20+0.3 0.79+0.25 0.05+0.04 0.59+0.06
4U 1636-53 5.6+1.7 229+43 0.72+0.32 0.35+0.14 32+09 0.78 £ 0.40 <0.06 1.05 +£0.22
4U 1728-16 6.6 0.4 142+12 030+0.18 <0.16 35+04 0.54 £0.23 <0.06 0.48 + 0.06
4U 1735-44 32+13 121+1.7 053+£0.23 0.23+0.10 29+13 0.61 +£0.42 <0.16 0.76 £ 0.21
4U 1820-30 24 +0.8 89+22 < 0.70 <0.48 1.0+0.7 0.16 £ 0.15 <0.02 0.50 +0.15
4U 1915-05 47+2.1 23.3+43 < 0.02 - 44+19 <0.01 - 1.15+0.48
4U 1957+11 34+1.7 - - - 14+1.6 <0.16 <0.01 0.67 +0.28
Aql X-1 3.6+0.3 23.6+1.2 <0.06 0.21+0.13 53+0.3 0.58 +0.20 <0.04 1.13+0.07
Cygnus X-1 9.7+04 214+14 028+0.18 047+0.16 6.6 +0.3 0.39+0.09 0.05+0.02 0.98+0.04
Cygnus X-2 43+04 114+08 045+0.19 0.15+0.08 2.6+0.2 0.50+0.10 0.06+0.03 0.44 +0.05
EXO 0748-676 <2.5 - - - 6.1 £2.8 - - -
GRO J1655-40 7.8+0.3 262+14 255+1.08 3.37+1.10 7.7+0.3 1.11 £0.19 <0.06 1.61 £0.13
GS 1826-238 3.1+0.3 233+15 028+022 0.74+0.25 5.0+04 0.73 +£0.28 <0.01 1.07 £ 0.07
GX 3394 41+0.5 30.2 +3.1 <1.79 <1.19 49+0.5 1.72+ 036  0.19+0.08 1.57+0.17
GX 349+2 143+33 - - - 11.0+22 211+1.54 <0.20 2.31+0.99
GX 9+9 74+0.7 150+ 1.7 0.36+0.16 <0.04 32+04 0.60 +0.19 <0.05 0.52 +0.09
J1753.5-0127 <0.4 182+14 <0.22 0.53 +£0.49 23+0.8 <0.15 <0.06 0.53 £0.18
Swift J1808-3658 22+13 7.0+3.9 - - - - - -
Swift J1910.2-0546 74+12 129+ 3.8 <0.92 - 36+0.6 042+0.17 0.09+0.04 091+0.14
Sco X-1 2.1+1.5 94+14 <0.11 <0.01 - - - 042 +0.12
Ser X-1 3.0+£0.9 32.5+3.0 < 1.08 0.52 +0.29 6.0+0.7 1.04 + 0.44 <0.06 1.46 £ 0.21
XTE J1817-330 1.4+£04 11.1+05 0.72+0.24 0.34+0.12 14+0.2 041+0.10 0.11+0.04 0.46 +£0.03

Notes. N(H) in units of 10?! cm~2 and metal column densities in units of 10'7 cm™2.

Data statistics (e.g. number of counts in the wavelength
region of interest) clearly have a significant impact on the ab-
sorption modeling. Figure 2 shows the ISMabs column den-
sities obtained from the Chandra observations as function of
the number of counts in the O (21-24 A), Ne (13-15 A), and
Fe (16-18 A) absorption regions, which brings out a disparity
in the O columns when the number of counts is low. This is
probably due to the fact that in the CC read mode the details
of the spatial distribution are lost, and therefore, there is no way
to spatially separate the background from the source. This af-
fects the spectra at long wavelengths where the effective area is
smaller and where the background may become comparable to
the source signal.

Specifically, CC-mode observations with less than approx-
imately 2000 counts in the O K-edge region give rise to the
outliers in the left panel of Fig. 2. Therefore, in the follow-
ing procedures we excluded observations with a limited num-
ber of counts in the O K-edge region (21-24 A) and Ne
K-edge region (13-15 A). Additional information on the in-
fluence of Chandra readout modes in high-resolution spec-
troscopy are given in Appendix B. Finally, for those sources
with observations from both Chandra and XMM-Newton, we

have found that the derived columns are in good agreement and,
therefore, we take the average of the fit values.

4. Results and discussions

Fit results to all the observations in our sample are listed in
Table 1. Upper limits for the column densities (i.e. the high-
est values obtained for each ion considering their upper errors)
in units of 10" cm™2 are: N(OI) < 32.46; N(OII) < 2.55;
N(O ) < 3.37; N(Ne I) < 10.95; N(Ne I) < 2.11; N(Ne III) <
0.20; and N(Fe) < 2.31. Figure 3 shows the column density dis-
tribution for each source. The hydrogen and neon column den-
sities are mostly consistent and are homogeneously distributed
along their average value; this is expected in neon since it does
not form molecules. Oxygen and iron column densities, on the
other hand, tend to be more dispersed along the different lines of
sight. This is further discussed in Sect. 4.3.

4.1. Hydrogen column densities

A comparison of the ISMabs hydrogen column densities with
the data sets from the 21 cm surveys (Dickey & Lockman 1990;
Kalberla et al. 2005; Willingale et al. 2013) is provided in
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Fig. 3. ISMabs column densities values for each source. Gray boxes correspond to a 20" region around the average value.

Table 2. Hydrogen column density comparison.

Source NH) 2lcm  2lcm 2l cm
survey® survey” survey‘
4U 0614+091 9.30+£0.68 5.42 4.42 5.86
4U 0918-54 <1.53 7.34 6.19 7.63
4U 1254-69 223+0.23 285 2.15 3.46
4U 1636-53 559+1.71 3.30 2.64 4.04
4U 1728-16 6.63+£043 2.10 1.98 3.31
4U 1735-44 3.17+129 3.03 2.56 3.96
4U 1820-30 241 +£0.76 1.52 1.32 2.33
4U 1915-05 472+197 255 231 3.72
4U 1957+11 344 +£1.74 1.31 1.23 2.01
Aql X-1 3.64+028 3.28 2.86 4.30
Cygnus X-1 9.71+042 8.10 7.81 9.25
Cygnus X-2 428 +042 220 1.88 3.09
EXO 0748-676 <2.47 2.03 1.87 3.21
GRO J1655-40 7.84+029 6.84 5.78 7.22
GS 1826-238 3.05+0.33 1.83 1.68 3.00
GX 3394 4.09+053  5.00 3.74 5.18
GX 349+2 1431+3.29 6.12 4.69 6.13
GX 949 740+0.67 2.10 1.98 3.31
J1753.5-0127 0.01+026 1.64 1.66 2.98
Swift J1808-3658 220+ 1.25  0.27 0.26 0.29
Swift J1910.2-0546 7.41 +£1.18  2.24 2.44 2.24
Sco X-1 2.14+1.45 1.47 1.40 2.54
Ser X-1 298+0.87 4.43 3.98 5.42
XTE J1817-330 1.37+039 1.58 1.39 2.29

Notes. N(H) in units of 10?' cm™. @ Dickey & Lockman (1990);
® Kalberla et al. (2005); and © Willingale et al. (2013).

Table 2. The 21 cm hydrogen column densities correspond to
the average value of all absorbers within 1° of the source po-
sition. It is important to note that Dickey & Lockman (1990)
and Kalberla et al. (2005) only consider the atomic HT column
density while Willingale et al. (2013) includes both atomic and
molecular hydrogen. Figure 4 shows a comparison of the 21 cm
measurements with those derived from our ISMabs fits. Black
data points corresponds to the ISMabs/21 cm ratio using the
Dickey & Lockman (1990) measurements. The solid color lines
are linear fits to the ISMabs/21 cm values relative to the various
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and Willingale et al. (2013, blue line).

determinations from the 21 cm surveys (Dickey & Lockman
1990; Kalberla et al. 2005; Willingale et al. 2013). For low
column densities the ISMabs values tend to be systematically
larger than the 21 cm values while for high column densities the
ISMabs values tend to be lower than the 21 cm values. We found
overall that the best agreement of our results is with those from
Willingale et al. (2013).

These discrepancies may arise from either a real difference in
the intrinsic absorption or the continuum model; also, changes in
the region around the X-ray source due to changes in the intrinsic
column (e.g. the presence of winds) can increase absorption, and
they are thus not resolved by the 21 cm surveys. These effects
are more likely to be important in sources with strong stellar
winds such as Cyg X-1 and Sco X-1 (Gatuzz et al. 2014). On the
other hand, the hydrogen column densities obtained from broad-
band fits are subject to the uncertainty of the assumed underlying
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continuum. In some cases, the description of the spectra with
different models such as Powerlaw, Bknpower, and Blackbody
leads to differences in the column densities despite similar statis-
tics. Therefore, since we are not able to favor a continuum model
based on fit statistics, we have adopted for consistency and sim-
plicity the Bknpower model for all observations. We emphasise
that the continuum model must be treated carefully in any at-
tempt to perform an ISM analysis with X-ray high-resolution
spectroscopy. In this respect our results are expected to be sensi-
tive to the particular model used to describe the continuum in all
sources.

4.2. ISM structure

Figure 5 shows a comparison of the oxygen, neon, and iron total
column densities from the ISMabs model as a function of dis-
tance (left panels), latitude absolute value (central panels), and
longitude (right panels) for all the analysed sources. We have
found that the column densities tend to increase with distance,
the slope being steeper in the case of oxygen, and the general
trend is to decrease with galactic latitude. This behavior is ex-
pected because the ISM material density decreases along the
vertical direction away from the galactic plane. In the case of
galactic longitude, it is difficult to establish a clear relationship
with the column density but an increase at high longitude (i.e.
away from the galactic center) is hinted.

We have derived the column-density unweighted aver-
age considering all individual sources, namely (in units of

107 cm™2) N(O) = 18.43 + 2.53, N(Ne) = 4.91 + 1.19, and
N(Fe) = 0.90 + 0.18. Using the total column densities for each
element, we have estimated elemental abundances with the re-
lation Nx = AxNn, where NV, is the hydrogen column density,
Ay is the abundance, and Ny is the total column density of el-
ement x; the resulting values are listed in Table 3. The abun-
dance behavior, in the other hand, tend to be constant with dis-
tance and latitude; regarding longitude, sources with high hydro-
gen column densities tend to have increased abundances at low
longitude values. Using the abundance values computed for all
individual sources, we have derived unweighted average values
relative to solar (Grevesse & Sauval 1998) of Ag = 0.70 = 0.26,
Ane = 0.87 £ 0.35, and Ag. = 0.67 = 0.28.

The comparison of the oxygen and iron total column densi-
ties as a function of the neon column density is shown in Fig. 6,
including for each element contributions from the neutrally,
singly, and doubly ionized species. The best fitted Ny /Nxe abun-
dance ratio for all sources is plotted with the solid red line; ratios
from Grevesse & Sauval (1998), Asplund et al. (2009), Lodders
et al. (2009) and Juett et al. (2004) are also shown. Neon, being
anoble gas, is a suitable baseline since it is only found in atomic
form. We find an average ratio of N(O)/N(Ne) = 4.16 = 0.22
larger than the estimate by Juett et al. (2006) of 3.7 = 0.3 and
lower than the solar values of 4.79 (Lodders et al. 2009), 5.36
(Grevesse & Sauval 1998) and 5.75 (Asplund et al. 2009). We
also obtain an average ratio of N(Fe)/N(Ne) = 0.18 + 0.01 in
relatively close agreement with Juett et al. (2006) (0.15 + 0.01)
and lower than the solar ratios by Grevesse & Sauval (1998),
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Table 3. Abundance values.

Source Ao Ane Are

4U 06144091 0.28+0.06 043+0.11 0.17+0.05
4U 0918-54 <1.73 <1.84 <1.49
4U 1254-69 1.01+£0.18 1.07+0.34 0.84+0.17
4U 1636-53 0.62+0.31 0.60+0.39 0.59+0.31
4U 1728-16 0.33+£0.05 051011 0.23+0.04
4U 1735-44 0.58+032 092+0.83 0.76+0.52
4U 1820-30 0.61+042 040042 0.66=0.41
4U 1915-05 0.76 £0.51 0.78+0.81 0.77+0.64
4U 1957+11 - <0.38 0.62 +0.57
Aql X-1 0.97+0.13 134+022 098+0.14
Cygnus X-1 034+0.04 0.60+0.06 0.32+0.03
Cygnus X-2 0.41+0.08 0.51+0.11 0.33+0.07
EXO 0748-676 - <2.04 -
GRO J1655-40 0.55+£0.07 094+0.09 0.65+0.08
GS 1826-238 1.18+£0.22 1.56+0.34 1.11+0.19
GX 3394 1.13+£0.32 1.38+0.37 1.21+0.28
GX 349+2 - 0.76 £0.40 0.51+0.34
GX 9+9 0.30+£0.06 043+0.11 0.22+0.06
J1753.5-0127 <1.50 <1.50 <1.50
Swift J1808-3658 0.47 +£0.53 - -
Swift J1910.2-0546 0.26+0.12 0.46+0.17 0.39+0.12
Sco X-1 0.65+0.54 - 0.62 + 0.60
Ser X-1 1.65+0.66 1.96+0.89 1.55=+0.67
XTE J1817-330 1.32+046 1.13+0.53 1.06+0.37

Notes. Abundances are relative to the solar values of Grevesse & Sauval
(1998).

Lodders et al. (2009) and Asplund et al. (2009) of 0.26, 0.25 and
0.37, respectively.

The presence of ionized species in the ISM is not negligible
and must be considered in order to perform a reliable chemical
analysis of its environment. Figure 7 shows a comparison of the
On/O1, O1m/O1, Ne1/Nel, and Ne I11I/Ne T ionization fractions
as function of distance, latitude absolute value, and longitude.
Unlike the column densities, the ionization fractions tend to be
approximately constant with the geometric parameters. This re-
sult agrees with previous findings regarding the dominance of
the ISM cold phase characterized by a low ionization degree
(Gatuzz et al. 2013a,b, 2014, 2015). We obtained the following
average values: O1I/O1 = 0.03 £ 0.01; O1/O1 = 0.03 + 0.02;
Ne1/Nel = 0.21 +0.05; and Ne111/Ne1 = 0.03 = 0.02.

4.3. Molecular absorption features

The search for molecular and dust spectral signatures is a topic
of current interest in ISM astrophysics. Lee et al. (2009) ar-
gued that Chandra and XMM-Newton high-resolution spectra
provide a resource to constrain dust properties (e.g. distribu-
tion, composition, and abundances). Absorption features due to
molecules and dust have been studied previously using LMXB
(de Vries & Costantini 2009; Kaastra et al. 2009; Pinto et al.
2010; Costantini et al. 2012; Pinto et al. 2013); in particular,
de Vries & Costantini (2009) estimated an oxygen depletion rate
to the solid state of 30—50% from an XMM-Newton RGS spec-
trum of Sco X—1. However, Garcia et al. (2011) showed that, by
taking into account an improved photoabsorption cross section
for atomic oxygen which takes into account Auger damping, the
same observation could be adequately modelled without invok-
ing molecular or dust contributions. The best X-ray absorption
model should include both atomic and molecular cross sections.
However, since the spectral features from solid compounds are
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Fig. 6. Comparison of the abundance ratios No/N. (top panel) and
Nge/Nne (bottom panel) obtained from the broadband fit with ISMabs
for all the analysed sources. The best fitted Ny /Ne ratio for all sources
is plotted with a solid red line. Ratios obtained from Grevesse & Sauval
(1998), Asplund et al. (2009), Lodders et al. (2009) and Juett et al.
(2004) are respectively shown with green, blue, orange and magenta
dashed lines.

expected to be weak, an accurate modeling of the atomic com-
ponents is a prerequisite.

In this respect, Pinto et al. (2010) previously analysed
XMM-Newton spectra of the binary GS 1826-238, and af-
ter modeling the atomic component, they included molecu-
lar and dust contributions to diminish the high residuals near
the oxygen edge. They derived column densities for andradite
(CasFe,Si3013), amorphous ice (H,0), carbon monoxide (CO),
and hercynite (FeAl,0O4); however, their model included the
same undamped atomic cross sections used in previous stud-
ies. Figure 8 shows XMM-Newton spectra of GS 1826-238 in
the 21-24 A region modeled by ISMabs, which takes into ac-
count a more recent and Auger-damped atomic cross section.
Although ISMabs includes neither molecular nor solid photoab-
sorption cross-sections, it leads to a good fit of the O K-edge
absorption features with well-distributed small residuals; that is,
the apparent lack of absorption previously perceived by Pinto
et al. (2010) was due, in our opinion, to a poor atomic model.
Our results imply an upper limit to the amount of oxygen which
can be in molecular or solid form. A quantitative estimate for this
limit requires simultaneous fits using both our accurate atomic
oxygen K shell cross sections and the best available models for
absorption by molecules and dust. This will be the subject of
future investigations. It is important to note that, since the va-
lence electronic levels of molecules or dust are more fully occu-
pied than those of atoms, the Ka resonance lines from molecules
and dust will in general be weaker than atoms, or absent. Thus,
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Fig. 8. GS 1826-238 XMM-Newton spectra in the oxygen K-edge re-
gion. Observations were combined for illustrative purposes.

the addition of molecules or dust to an atomic model when fit-
ting to observed ISM X-ray spectra will lead to a larger ratio of
edge to line. Our fits do not show a systematic discrepancy or
statistically significant errors in this ratio, thus reinforcing the

conclusion that molecules and grains are a minor contributor to
the absorption in the spectral region near the oxygen K edge.

5. Conclusions

We have performed a thorough analysis of the ISM
along 24 lines of sight by means of high-resolution X-ray spec-
troscopy with spectra obtained from both the Chandra and
XMM-Newton space observatories. This is the most complete
study to date of this type and considering O and Ne charge states.
We have found that data statistics (i.e. number of counts for a
given wavelength region) has a sizeable impact on the analysis,
which is particularly important in the case of Chandra obser-
vations taken in CC-mode as they require a higher number of
counts than those in TE-mode in order to avoid background con-
tamination. For sources observed with both telescopes, the de-
rived column densities are in good agreement and thus average
values are listed.

Using the ISMabs X-ray absorption model, we have ob-
tained upper limits for the column densities of H1, O1, O 11, O 111,
Ne1, Ne11, Ne1, and metallic Fe. In the case of hydrogen, we
found differences between our fits and the 21 cm surveys. These
discrepancies may arise from intrinsic absorption variabilities
in each source as well as the particular choice of continuum
representation. Our measurements indicate an increase of the
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column densities with source distance and a decrease with galac-
tic latitude. We find that the ionization fractions, on the con-
trary, tend to be constant with distance and latitude reinforcing
previous conclusions regarding the dominance of the neutral
ISM component.

We have also derived the N(O)/N(Ne) and N(Fe)/N(Ne)
abundance ratios finding lower values than solar (Grevesse &
Sauval 1998). Using the total column densities, we estimate the
O, Ne, and Fe abundances to be, respectively, ~70%, ~87%,
and ~67% relative to the solar standards of Grevesse & Sauval
(1998) and ~97%, ~122%, and Fe ~67% relative to the revised
values of Asplund et al. (2009). In general, the abundances show
a trend different to that observed in the column densities: they
tend to be constant with distance and latitude.

It is important to note that this study only considers a small
fraction of the local ISM environment due to the lack of a larger
database of bright LMXB to perform a more extensive analy-
sis. Observations with new-generation instrumentation such as
Astro-H will allow a finer examination of the ISM large struc-
tures. The present work will be followed by a search and study
of molecular and dust absorption features.

Note added in proof. While this paper was in review an X-ray
analysis of the Galactic ISM was published (Nicastro et al.
2016). We agree with their findings on the presence of both a
cold neutral component, dominated by O I, and a warm midly
ionized component, which contains O I and O II.
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Table A.1. Chandra observation list.

Source Galactic Distance ObsID  Mode Counts
coordinates (kpc) 11-24 A 0O-edge Ne-edge Fe-edge
4U 06144091 (200.87,-3.36) 22+0.7¢ 10759 TE 233091 932 16561 4084
10760 TE 191848 752 13715 3275
10857 TE 346327 1201 23081 5024
10858 TE 121262 501 8698 2126
4U 1636-53 (332.9,-4.8) 6.0+0.5° 105 TE 244922 1170 15732 3589
1939 TE 212637 421 10453 1984
6635 CcC 52613 408 3026 527
6636 cc 209101 627 10455 1507
4U 1735-44 (346.0, -6.9) 9.4 +1.4¢ 704 TE 196485 1018 12263 2828
6637 cC 192055 651 10555 1673
6638 cC 184711 821 9370 1658
4U 1820-30 (2.7,-7.9) 7.6 +0.4¢ 1021 TE 113582 923 8252 2160
1022 TE 108 264 1318 9216 2966
6633 cC 383259 2189 36282 4991
6634 cC 516960 2699 48878 6502
7032 cC 814603 4367 76919 10493
4U 1957+11 (51.30,-9.33) - 4552 TE 168011 911 9882 2415
10659 TE 29 828 116 1759 339
10660 TE 36181 578 2666 732
Cygnus X-1 (71.3,3.0) 2.10 £ 0.25¢ 1511 cCc 247819 1161 16914 3370
2415 CcC 890793 3692 58878 13539
3407 cCc 1164551 6437 65150 29544
3724 cC 987399 6665 45801 34115
3815 cC 1501955 4054 979369 15254
Cygnus X-2 (87.3,-11.3) 13.4+£2.0¢ 8170 cCc 2156452 10280 257811 30039
8599 CcC 2010493 9237 229962 26597
EXO 0748-676 (279.97,-19.81) 8.0+ 1.2¢ 4573 TE 29582 883 2464 1235
4574 TE 16736 505 1300 681
GRO J1655-40 (344.98,2.45) 32+0.2¢ 5461 CcC 1345632 2364 75958 7893
GX 3394 (338.93,-4.32) 10.0 + 4.5/ 4420 TE 928 061 647 50413 5925
4569 CcC 1534889 1766 67573 7565
4570 cC 1561121 2077 81294 10068
4571 cC 1559603 2084 86 894 10657
GX 349+2 (349.10,2.74) 9.29 715 TE 96903 38 2643 184
3354 TE 153152 104 3300 494
6628 CcC 152618 271 3098 256
7336 cCc 138413 218 2922 244
12199 CcC 210418 392 3904 364
13221 cC 179170 876 5184 668
GX 9+9 (8.5,9.0) 4.49 703 TE 226157 1481 15013 3626
11072 TE 831449 1853 48170 7514
Sco X-1 (359,23.7) 2.8 +0.3¢ 3505 CcC 63953 8914 232 16798
Ser X-1 (36.11,4.84) 11.1+1.6° 700 TE 588628 981 25989 4283
Swift J1808-3658 (355.38,-8.14)  3.61 +£0.14¢ 6297 CcC 82782 1454 8500 2404
Swift J1910.2-0546  (29.90, —06.84) - 14634 cCc 1218802 2246 9806 74359
XTE J1817-330 (359.8,-7.9) 2.5+ 1.5" 6615 cC 2622175 40674 356751 96 856
6616 cC 2790705 31440 300764 73725
6617 CcC 2889136 20257 227411 47 640
6618 CcC 930503 9296 84 865 20114

References. Distances are taken from:  Paerels et al. (2001); ® Galloway et al. (2008); © Jonker & Nelemans (2004); > Kuulkers et al.
(2003); © Zisétkowski (2005); ) Hynes et al. (2004); © Grimm et al. (2002); and ® Sala & Greiner (2006).

Appendix A: Data sample

For this analysis we use a sample of 84 observations; the de-
tails of the Chandra and XMM-Newton observations are listed in
Tables A.1, A.2. The number ofocounts for each observationoin
the broadband fit region (11-24 A), O K-edge region (21-24 A),
Ne K-edge region (13-15 A), and Fe L-edge region (16-18 A)
are also included. In the case of Chandra, 20 and 29 observations
were taken in TE-mode and CC-mode, respectively.

Figures A.1, A.2 show the best broadband fit for each
source in flux units. In cases where more than one observa-
tion is present, the observations are fitted simultaneously vary-
ing the continuum parameters and have been only combined for

illustrative purposes. The best-fit model is indicated by a solid
red line. In the case of Sco X-1, the broadband fit was performed
in the 15-24 A wavelength range due to the absence of data be-
low 15 A (see Fig. A.3). The dominant observed absorption fea-
tures correspond to the O K edge (~23 A), Ne K edge (~14 A),
Fe L edge (~17 A), and the O1 Ka transition (~23.5 A). In
general, a smooth residual distribution (bottom panels) around
these edges is observed, indicating modeling accuracy that re-
lies on the most up-to-date atomic data. It must be emphasised
that the absence of molecular photoabsorption cross-sections in
the ISMabs model (except for metallic Fe) does not represent
a spectral fitting limitation. This issue has been discussed in
Sect. 4.3. All data have been rebinned to 25 counts per channel
and combined for illustrative purposes

All1, page 9 of 13



A&A 588, Al11 (2016)

Table A.2. XMM-Newton observation list.

Source Galactic Distance ObsID Counts

coordinates (kpc) 11-24 A O-edge Ne-edge Fe-edge
4U 0918-54 (275.85,-3.84) 5.0+0.7* 0061140101 63368 3194 15290 13279
4U 1254-69 (303.4,-6.4) 13.0 £3.0° 0060740101 50859 1862 13 606 9325

0060740901 87761 3387 23365 16126
0405510301 205907 6954 55922 37401
0405510401 195814 6879 53484 34759
0405510501 193851 6796 52792 34008
4U 1636-53 (332.9,-4.8) 6.0 £ 0.5¢ 0500350301 253139 6259 71945 43865
0500350401 361332 8840 102 801 62238
0606070101 219009 5326 62231 37616
0606070301 333832 7815 95 606 57434

4U 1728-16 (8.5,9.03) 4.4¢ 0090340101 233545 9139 62514 42769
0090340601 469351 18294 125676 86571
4U 173544 (346.0,-6.9) 9.4 +14% 0090340201 334452 10617 91311 59523
0693490201 902050 26482 245610 160800
4U 1915-05 (31.3,-8.4) 8.8+ 1.3% 0085290301 14733 404 4324 2680
Aql X-1 (37.7,-4.1) 52+0.8¢ 0303220301 114415 2652 31899 19293

0303220401 128025 2971 35380 22738
0406700201 688187 12644 199459 113576
Cygnus X-2 (87.3,-11.3) 13.4+£2.0 0111360101 587885 28796 151920 113464
0303280101 1333661 55636 342757 249293
GRO J1655-40 (344.9,2.4) 32+02¢ 0112921401 475112 3326 138554 52879
0112921501 482485 3266 139218 52801
0112921601 516085 3608 149411 57451

GS 1826-238 (9.3,-6.1) 6.7¢ 0150390101 345896 10758 94316 65058
0150390301 304791 9413 82648 57744
GX 3394 (338.9,-4.3) 10.0 £4.5¢ 0148220201 337152 5453 98 860 54234
0148220301 259545 4072 76761 40983
GX 9+9 (8.5,9.0) 4.4¢ 0090340101 233545 9139 62514 42769

0090340601 469351 18294 125676 86571
0694860301 665729 22912 180651 121842
Ser X-1 (36.1,4.8) 11.1 £1.6 0084020401 209 100 2904 60939 30021
0084020501 199 357 2713 58235 28 839
0084020601 206092 2778 60447 29 665
J1753.5-0127 (24.89,12.18) - 0311590901 833709 3987 21190 16690
XTE J1817-330 (359.8,-7.9) 25+1.5° 0311590501 1099719 20490 275954 202834

References. Distances are taken from  Jonker & Nelemans (2004); * in’t Zand et al. (2003); © Galloway et al. (2008); ” Grimm et al. (2002);
© Hynes et al. (2004); and ¥ Sala & Greiner (2006).
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Fig. A.1. ISMabs best broadband fits for the analysed sources where observations are combined for illustrative purposes. In the case of Chandra
the read mode (CC-mode or TE-mode) is indicated.

Alll, page 11 of 13


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201527752&pdf_id=9

A&A 588, Al11 (2016)

10 T T T T T T T T T T T T 102 T T T T T T
Chandra CC XMM-Newton Chandra TE
~ 100 _ 107t ¢ i B
101 b E &
2 £ 102 2z
E=1 2 E=]
£ o2l & &
GRO J1655-40 103 F GRO J1655-40 EXO 0748-676
103 . . . . . . . . 104 . . . . . .
1o T T T T T T 10 T T T T T T 10 o T T T T T ‘
. o ° o ° ° rlrhd‘f UL sy ] » o i |
-10 -10 10
12 14 16 18 20 22 24 12 14 16 18 20 22 24 12 14 16 18 20 22 24
Wavelength (A) Wavelength (A) Wavelength (A)
102 101 101

Photons cm2 s A1
"
o
w

GS 1826-238

XMM-Newton

Chandra TE

Photons cm2 s A1

GS 349+2

Photons cm2 s &1

Chandra CC

GX 349+2

104 . . . . . . 103 . . . . . .
10 T T T T T T 10 T T T T T
o ° s o , Ml
-10 -10
12 14 16 18 20 22 24 12 14 16 18 20 22 24
Wavelength (A) Wavelength (A) Wavelength (A)
10t 10° 101
Chandra TE Chandra CC . XMM-Newton:
o o3 =
g g g
bbbl
O bl | ° o o
10 . . . . . . 10 ! i . . . 10 . . | . . .
12 14 16 18 20 22 24 12 14 16 18 20 22 24 12 14 16 18 20 22 24
Wavelength (A) Wavelength (A) Wavelength (A)
102 10t 10t
XMM-Newton Chandra TE XMM-Newton
o = =
g g g
g g g
Swift J1753.5-0127
1q3 . . . . . . o . . . . . .
. . o 7 Bt e y]
10 f . . h . . 20 . . . . . .
12 14 16 18 20 22 24 12 14 16 18 20 22 24
Wavelength (A) Wavelength (A)
Chandra CC Chandra TE
o o3 =
g ’ ‘ g g
] i ] g
£ | S I =
| ol
Swift J1910.2-0546
102
T T ‘ 10 T T T T T T
° | o o ° [ |
. . 10 . i . . . . 20 . . . . . .
20 22 24 12 14 16 18 20 22 24 12 14 16 18 20 22 24
Wavelength (A) Wavelength (A) Wavelength (A)
101t T T T T T T 10° T T T T T T 100 T T T T T T
Chandra CC XMM-Newton
Z Z g . =
o - b I N
g E 10t | it £ b
£ £ 210 |
] g g
XTE J1817-330 XTE J1817-330
102
20 T T T T T T ] 20 r T T T 20 T T T T T T
A ) o
© O [y Pt ehossho o Apepronie | o o s o WMWWWWWW
20 . . . 1 . . 20 . . \ h 20 . . . h . .
14 16 18 20 22 24 12 14 16 18 20 22 24 12 14 16 18 20 22 24

Wavelength (A)

Wavelength (A)

Wavelength (A)

Fig. A.2. ISMabs best broadband fits for the analysed sources where observations are combined for illustrative purposes. In the case of Chandra
the read mode (CC-mode or TE-mode) is indicated.
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Fig. A.3. ISMabs best broadband fits for Sco X-1. Observations were
combined for illustrative purposes.

Appendix B: Chandra CC-mode notes

The Chandra CC-mode provides a fast readout mode to de-
crease the pileup effect in bright sources; i.e. the detection of two

photons as a single event with the sum of their energies. While in
TE-mode the events are collected for a specific time frame and
then read out collectively, in CC-mode they are read out contin-
uously by collapsing them to one row. In the case of a low-count
regime, CC-mode data must be analysed carefully because they
can be affected by the background that cannot be separated from
the source spectrum.

As an example of this effect we show in Fig. B.1 a compar-
ison of the 4U 1636-53 spectra in the 11-24 A region as ob-
tained by the Chandra TE-mode, CC-mode, and XMM-Newton.
All data have been rebinned to 25 counts per channel and com-
bined for illustrative purposes. The total number of counts in the
oxygen absorption region (21-24 A) without rebinning is 1591
(CC-mode), 1035 (TE-mode), and 28240 (RGS). The O1 and
O 11 Ka absorption lines at ~23.5 A and ~23.35 A, respectively,
are clearly observed in the TE-mode and the RGS data, but they
cannot be detected in CC-mode due to background contamina-
tion that becomes dominant at ~18—20 A. For this reason and
based on previous tests, we have discarded from our analyses
the oxygen column densities derived from observations in CC-
mode with less than 2000 counts in the oxygen K-shell region.
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Fig. B.1. A comparison of the 4U 1636-53 spectra obtained with XMM-

region. Observations are combined for illustrative purposes.
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